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Cleveland, Ohio 44135

Dennis J. Dicki

DYNACS, Inc.
Brook Park, Ohio 44141

SUMMARY

This report describes the design, installation, and evaluation of the turbine engine altitude test facility
modifications. This facility is located in test cell 4 (PSL4) at the Lewis Research Center Propulsion Systems

Laboratory (PSL). The modifications were made to enhance the test cell capability for engine inlet air supply

conditions from a prior maximum of 55 psia and 600 °F to a new rating of 165 psia and 1200 °F. The maximum

conditions reached during the interim evaluation were 129 psia and 844 °F at an airflow of 159 lb/sec. Also, the

modified facility airflow quality as defined by the flow characteristics at a typical gas turbine engine inlet were
investigated and were adequate.

_TRODUCTION

This report documents the design, installation, and evaluation of modifications made to the NASA Lewis

Research Center Propulsion Systems Laboratory test cell 4 (PSL4) to allow it to supply combustion air at a rating of

165 psia and 1200 °F. The major modification was the installation of a new water-cooled insert in the existing test
chamber inlet plenum. After the modifications were completed, all possible operating configurations were used in

several tests conducted to verify the design criteria and to validate the facility airflow qualities.

In the late 1980's, it became evident to the Lewis Research Center management that the aeronautics mission

required engine test facilities that could provide high-pressure and high-temperature air to simulate high Mach
numbers. At that time, Lewis had two active, full-scale, aircraft turbine engine altitude test chambers (designated

PSL3 and PSL4) that were first operational in 1972. The test chambers simulate aircraft flight conditions for a

turbine engine mounted in a fixed position in the test section of the chamber. Air flows through the chamber inlet

plenum to the engine inlet at the stagnation pressures and temperatures that match the altitude and Mach number of
desired flight conditions. In these test chambers, flight conditions that can be simulated range from near sea level to a

70 000-ft altitude with forward velocities up to Mach 3.0. To meet the new requirements of higher Mach numbers,

PSL4 was chosen for the modifications because in its existing configuration, it presented fewer mechanical problems

than PSL3. The main modification was the addition of a water-cooled insert to the inlet plenum to allow higher

pressures and temperatures. Predicated on the aeronautical mission at the time and based on existing PSL service
equipment (combustion air and exhaust), design values, and assumed test article geometry, the following test

program scenarios were considered in formulating the design criteria for the modification:

Test article

Supersonic free-jet nozzle

Turbine engine gas generator (core engines)

High-Mach-number turbine engines

Hypersonic direct-connect rig
Current turbine engine

Pressure, psia
165
165

165

165

60

Capability

Temperature, °F
1200
800

800

600

600

Airflow, lb/sec

280
380

380

100

400
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DesignchangeswereinitiatedinDecember1990withfabricationandinstallationcompletedinFebruary1993.
ToevaluatethesuccessofthedesignandtodeterminetheairflowqualityofthemodifiedPSL4,thisreportwilldis-
cussthedesigncriteria,describethemodification,andthenpresentdatacollectedfromseveralarticlesthatwere
testedin thefacilitybetween1993and1996.Thesearticleswerealow-temperature,Lewis-designedASMEnozzle,
ahigh-temperature,Lewis-designednozzleusingSupersonicTunnelAssociation(STA)coordinates,andaturbofan
engine.All possiblefacilityconfigurationswereemployed.Datawerecollectedoverarangeofinlettemperatures
from 50to884°Fandpressuresfrom>1to 129psia.

PROPULSIONSYSTEMSLABORATORYMODIFICATIONS

PropulsionSystemsLaboratory

TheNASALewisPSLcomplex(fig.1)consistsofthelaboratorybuilding,theequipmentbuildingandits
controlbuilding,thecombustionairheatingandrefrigerationbuilding,andacoolingwatertowersystem(notshown
inthefigure).

ThePSLbuildinghastwoaltitudetestchambers(PSL3andPSL4)connectedtothecentralequipmentbuilding
(describednext)throughanexhaustplenumchamberandacombustionairsupplypipesystem.IncludedinthePSL
buildingareadataroomthathousesthelocaldataprocessingequipment,acontrolroomforfacilityand/orengine
operation,andashoparea.Eachchambertestsectionis38ft longand24ft indiameterandisconcentricwith
respecttoitsexhaustandinletsections.Thedistancefromtheexhaustplenumchambercenterlinetothetestsection
floorforPSL3andPSL4is6and4ft,respectively.Bothchambersshareonecommonairpressurecontrolstation,
oneexhaustplenumchamber,oneexhaustaltitudecontrolsystem,andanisolationvalve(davitvalve)usedtoblock
theexhaustequipmentfromtheinactivetestchamber(onlyonechambercanbeactiveduringtesting).Theexhaust
plenumchamberconsistsofawater-cooledheatexchanger(referredtoasprimarycooler),awaterspraycooler(re-
ferredtoasspraycooler),andade-mister,allforthepurposeofreducingengineexhausttotheoperatinglimitofthe
exhaustmachinery(-150°F).Thealtitudeandinletairpressurecontrolvalvesarehydraulicwiththepositioncon-
trolledbyservoamplifiersthroughthefacilitycomputerizedcontrolsystem.A torusmanifoldattheupstreamendof
eachtestsectionsuppliescoolingairtokeepthetemperaturebelowtheoperatinglimitofthetestsection
(-150°F).Thebypassvalvesystemisusedprimarilyduringfastengineaccelerationordecelerationtokeepthe
engineinletpressureandtemperatureconstantwhiletheairflowchanges.Itconsistsoftwo(48-and24-in.-diam)
valveswiththeinletlocatedintheinletplenumofeachchamberandthedischargeattheexhaustplenum.

Theequipmentbuildingcontainsthecombustionairsupplyandthedryingandexhaustmachineryshownsche-
maticallyinfigure2.Withthisequipment,severalcombinationsandroutingarrangementsarepossible,resultingin
amultitudeofcombustionairpressuresandflowratesthatcanbedeliveredtoseveralotherfacilitiesatLewis.
Figure3schematicallyshowsthenominalpipingandvalvesystemofPSL,itstie-intotheequipmentandtheheating
andrefrigerationbuildings,andthenominalcapabilitiesofthemaincomponents.

Thecombustionairheatingandrefrigerationbuildingis locatedadjacenttotheenginetestbuildingandis
shownschematicallyinfigure3withthenominalsizeandoperatingconditionsforitsassociatedpipingandvalve
systems.Thebuildinghousesthreeairturboexpandersforrefrigerationandtwoheatexchangersforheating.The
expansionturbineoperationrequirestheuseofoneorbothoftheavailabledesiccantairdryersandthehigh-pressure
airsupply(165psia).Heatedairissuppliedtothefacilitythroughtheheatexchangersystem(fig.4(a))consistingof
airintakeanddischargeheaders,aheatexchanger,anexhaustsilencer,andahotgassupplysystem.Theheat
exchanger(fig.4(b))isacounterflowshellandtubeconfigurationcontainingabundleof63730.0-ft-longtubes
(1.5-in.outsidediam;083-in.-thickwall)installedusinga52.25-in.-inside-diametershell.Thehotgassystemcon-
sistsofaJ57gasturbineengineanditsafterburnersystem(fig.4(c)).Whiletheambient-temperaturecombustion
airenterstheintakeheader,passesoverthetubebundle,andexitsintothedischargeheaderasnonvitiatedair,the
exhaustproductsfromtheJ57turbineenginepassinsidethetubesandexitthroughtheexhaustsilencer.Theheat
exchangersystemwasinstalledin1972,buttheaugmentorsystemhadneverbeenoperateduntil the plenum insert

modification was made to PSL4. Each exchanger has a set of temperature rakes installed at the inlet to monitor the
temperature profiles. Reference 1 provides a more indepth discussion of this heat exchanger system design (used at

another NASA Lewis facility).
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Thecoolingtowerwater(fig.5(a))systemconsistsofcoolingtowerpumps,spraypumps,returnpumps,and
auto-andmanualcontrolvalves.Thissystemusessoftenedandchemicallytreatedwatertopreventscaleandcorro-
sionandsuppliesprocessedwateratanominalcapacityof100000gal/mintothecombustionairline,inletplenum,
exhaustplenumwater-cooledheatexchanger,andspraycoolerreceivertank.A separatewatersystemisusedforthe
spraycooler(fig.5b).

Capabilities.--Thenominalcapabilitiesofthecombustionair,exhaust,anddryingmachineryareshowninfig-
ure2andthoseofPSLareshownintableI.Forsomeitemsinthetable,thefullcapabilitiescannotbeachieved
becauseoftheconstraintsimposedbytheairsupplyandexhaustsystems(combustionairinlettemperature,amount
ofcoolingwaterin theexhaustsystem,airflow,etc.).Thefollowinginformationtakestheseintoaccountandrepre-
sentsthenetcapabilitiesoftheoverallsystemastheyrelatetoPSL.Thetabulatedtotalairflowfromtheequipment
buildingisnotsimultaneouslyavailablebecausesharedequipmentlimitstheairflowavailableatanygivenpressure
level.Forexample,theoutputofeachofthefourlow-pressurecompressorsthatsupplylow-pressureair(55psia)to
PSLis 120lb/sec(fig.2).Thisairiscompressedtohigherpressurelevels(165psia)byseriallystaginglow-pressure
withhigh-pressurecompressorsinvariouscombinations.Twohigh-pressurecompressorsareavailable,eachputting
out190lb/sec.Watercoolersareusedtoreducethiscompressedairtemperaturetotherangeof90to60°F.Air-

flows at temperatures down to approximately 45 °F are achieved by passing air from the low-pressure compressors

through dehydrators, from which the total capacity of the flow is about 475 lb/sec. The desiccant dryers further dry
the dehydrated air to a dewpoint of approximately 40 °F, which is required for turboexpander operation. The ex-

haust system gas flow capacity depends on altitude. The required mass flow-altitude conditions are achieved by the

27 available compressor casings in up to seven stages that can handle up to approximately 750 lb/sec at near sea

level and up to 28 lb/sec at a 70 000-ft simulation.

Ambient air from the equipment building is conditioned to the proper temperature by passing through the heat-
ing and refrigeration building (fig. 3). When higher temperatures are required, the air is routed through the two heat

exchangers where a maximum of 240 lb/sec can be nominally heated to 600 and 1200 °F (at the heat exchanger exit)

if the afterburner system is activated. In turn, this heated air can be blended with the lower temperature air (from IV-

6 in fig. 3) to achieve intermediate air temperatures at flows up to 480 lb/sec. When lower temperatures are required,
air from the low-pressure compression system is routed through the desiccant dryers, the high-pressure compression

system, and then the turboexpanders where it is expanded to 10 psia or lower. The combined nominal capacity of the

three expansion turbines is 380 lb/sec at 90 °F (at the turpoexpander exit). The delivered hot and cold air to the

facility inlet is approximately 1100 °F and 50 °F, respectively. The PSL hot and cold piping temperature limits are

1200 and 50 °F (see fig. 3).

Other systems that support this facility are the liquid fuel and special fuel, industrial waste, gaseous nitrogen,
hydraulic (3000 psia at 50 gal/min), gaseous hydrogen (2.75 lb/sec at 1000 psia), gaseous oxygen (10 lb/sec at

300 psia), high-pressure air (76 lb/sec at 450 psig), and shop air (10 lb/sec at 150 psia).

Operation.--A normal gas turbine engine installation consists of mounting the engine on a thrust frame fixed to

the test section floor. The engine inlet is connected directly to the inlet air supply system through piping and a bell-
mouth with a sealing arrangement to isolate the inlet from the engine. Engine exhaust is directed to the exhaust sec-

tion through piping designed to accommodate the total flow (engine exhaust and facility cooling air). Combustion air

and exhaust supply valves are hydraulically operated and controlled with a Westinghouse electronic system that is
also used to control all other PSL services.

Description of Original PSL4 Inlet Plenum

The original inlet plenum system for PSL4 is shown schematically and in detail in figures 6(a) and (b), respectively. As

seen in figure 6(a), the plenum has a stepped configuration in which the conditioned air inlet is upstream of the

atmospheric air inlets. Located about one inlet plenum diameter downstream of the conditioned air inlet is the bulk-

head separating the inlet plenum from the test section. Also indicated are the approximate locations of typical inlet
duct/engine installations. The response time of the air supply system is too slow for the system to follow rapid engine

transients. Therefore, rapid changes in engine airflow requirements are handled by bypassing varying amounts of air

around the altitude chamber through a pipe fitted with coarse and fine high-response valves. The bypass pipe exits

the plenum just upstream of the altitude chamber bulkhead and discharges into the exhaust plenum. An annular liner

was installed in the plenum at the bypass duct penetration to minimize flow distortion when the test cell bypass
valves are in operation (fig. 6(b)).
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Threeflow-straighteningwire-clothpanelsofvariousmeshesandonehoneycombstructure(3-by3-in.cell
openings)wereinstalledintheplenumducttoenhanceflowdistributionquality.Thescroll(T-)locatedatthe
upstreamentrancetotheinletplenumstructurewasdesignedandratedforthecombustionairservicecriteriaof
165psiaand1200°F.Thecombustionairlineupstreamofthissectionisratedfortheseservicecriteriaalltheway
backtotheheatexchangersystemdischargevalve(AC4663,fig.3).Theairlinepipingandscrollsectionarefabri-
catedfromcarbonsteel.Thecombustionairpipelinebetweenthe84-in.exitandtheheatexchangerexitiswater
cooled(fig.3)andinternallythermallyinsulatedwithastainless-steel-sheet-sandwichpanelsystem.Thedeliverable
combustionairtemperaturetotheinletoftheplenuminsertislimitedtoapproximately1050to1100°F,even
though1200°FisdeliveredattheexitoftheheatexchangerthroughvalveAC4663.Uninsulatedportionsofthe
combustionairlineandlossesthroughtheinternalinsulationcontributetothistemperatureloss.

DesignCriteriaandDescriptionofPSL4Modification

Inlet plenum design modification criteria.--To meet the requirements, it was proposed that a new water-cooled

insert be installed in the plenum. The following criteria were established for the inlet plenum design modification:

1. The new structure, designed to meet the 165 psia and 1200 °F service requirements, must fit in the existing

plenum structure.

2. The demolition of the existing plenum structure must be limited to the modification of the plenum/test cham-
ber bulkhead and the removal of the existing flow-conditioning hardware.

3. Bypass flow control for combustion air must be required for the new plenum insert.

4. Thermal losses must be minimized through the new plenum insert wall.

5. A provision must be made for introducing atmospheric inlet air to the new plenum insert. An inspection man-
way is also required at the downstream end of the plenum insert.

6. Provisions for enhancing the flow quality conditioning must be required for combustion air delivered to the
test article located in the test chamber.

7. The pressure and temperature limits for the existing plenum structure and the test chamber bypass system

must not be exceeded (60 psia and 600 °F) as a result of any operational procedure.

8. The design goal of a 50-ft/sec combustion air velocity must be established at the plenum insert exit plane
(ref. 2).

9. The added pressure loading from the plenum insert (165 psia) must not exceed the overall allowable thrust

load on the facility anchor points.

10. Provisions must be made in the insert to accommodate the addition of a gaseous hydrogen burner to be
added at a later date.

Inlet plenum modification description.---The final configuration is shown schematically in figures 7(a) and (b).

Figure 7(c) is a photograph of the assembled insert before its installation in the plenum. The modified PSL4 plenum

consisted of a combustion air system isolation bulkhead, a plenum insert settling chamber comprising two cylindrical

sections and a conical diffuser section, a plenum insert combustion air bypass control system, a combustion airflow-
conditioning section, and a modification of the plenum-test chamber isolation bulkhead. Salient features of the major

components are described as follows:

Combustion air isolation bulkhead: The combustion air isolation bulkhead was installed on an existing flange

located at the upstream end of the inlet plenum structure. This bulkhead isolates the combustion air (165 psia and

1200 °F) from the existing plenum pressure vessel (rated at 60 psia and 600 °F). The internal diameter of this bulk-

head also provides structural support for the upstream end of the new plenum insert and allows some axial thermal
expansion of the plenum insert relative to the plenum using an inflatable seal arrangement. The bulkhead is water
cooled and is fabricated from carbon steel.

Plenum insert (settling chamber): The plenum insert chamber consists of three water-cooled flanged spool

pieces, two cylindrical and one conical diffuser, that have internal thermal insulation panels ("shingles") installed.

They are constructed of carbon steel and are rated for 165 psia and 1200 °F. The overall assembly length is 30.33 ft.

The upstream spool piece (75.0-in. inside diameter) has a 24-in.-diameter bypass duct connection and four 30-in.-

diameter manways that if opened can be used to allow atmospheric air into the insert or as additional combustion air
bypass discharges. The conical diffuser section allows the air to expand from a 75.0- to a 107.7-in. diameter at a
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7.5°half-angle.Theexitspoolpiece(107.7-in.insidediameter)hasoneinspectionmanway.Theplenuminsert
assemblyissupportedatthedownstreamendbytheplenum-testchamberbulkheadthroughaboltingarrangement
andattheupstreamendbyspringhangers,withthecombustionairisolationbulkheadactingasaguide.

Plenuminsertbypass:Theplenuminsertbypasscontrolsystemconsistsofone24-in.butterflyvalveandone
8-in.butterflyvalveactingasavernierbypassforthe24-in.valve.The24-in.-diameterdischargefromthesevalves
isdirectedintothe48-in.-diametertestchamberplenumbypassline.Thebypassinletconnectionismadeattheple-
numinsertupstreamspoolpiecesection.

Insertflowconditioning:Theflow-conditioningsectionconsistsoftwo316stainless-steelperforatedplates
(60-percentopenarea)located10in.apart.Downstreamoftheseislocatedahoneycombsectionconsistingofhex-
agonalcellsDby3.0in.long,witha96.5-percentopenarea.Thehoneycombsectionis fabricatedfrom316stain-
lesssteel.

Testsectionisolationbulkhead:An uncooled, carbon steel, conical bulkhead separates the test chamber from
the original plenum structure. This bulkhead also supports the downstream end of the plenum insert. The original

plenum bulkhead structure had to be modified to allow the installation of the combustion air isolation bulkhead.

As a result of this final design, the following limitations were introduced to the original test program scenarios given
in the Introduction:

1. Supersonic free-jet nozzle: Close new insert bypass valves and manways and limit the original plenum bypass

flow (from atmospheric intakes) to 100 lb/sec when operating at altitudes above 60 000 ft because of exhaust ma-
chinery limits.

2. Turbine engine gas generator (core engines):

(a) Limit cooled air to 50 °F because of facility piping temperature limits.

(b) Limit bypass flow through new and existing line to 370 lb/sec at 600 °F.

(c) Limit new bypass to 340 lb/sec at 70 psia and 800 °F.
3. High-Mach-number turbine engines:

(a) Limit cooled air to 50 °F because of facility piping temperature limits.

(b) Limit bypass flow through new and existing line to 370 lb/sec at 600 °F.

(c) Limit new bypass to 340 lb/sec at 70 psia and 800 °F.

4. Hypersonic direct-connect rig: Limit new bypass flow to 73 lb/sec at 150 psia and 600 °F.
5. Existing turbine engine:

(a) Limit cooled air to 50 °F because of facility piping temperature limits.

(b) Use the 30-in. insert manways in the open configuration for high flow transients when using 55-psia

combustion air supply because of the flow limitation of the smaller insert bypass system.

(c) Operate with insert manways open when using atmospheric air.

Installation description.--Extensive demolition was involved in this construction. The test chamber main thrust

bed (serves as the test chamber floor) and the test chamber cooling air torns had to be removed and set aside. The

original plenum flow-conditioning system and the bypass line annular shield were removed and scrapped. The origi-
nal plenum-test chamber bulkhead opening was increased to permit the installation of the high-pressure isolation

bulkhead located at the plenum inlet.

A new flange was welded to the modified plenum-test chamber bulkhead. The combustion air isolation bulkhead

was installed at the upstream end of the existing plenum, followed by the three prefabricated pressure vessels. A
conical transition bulkhead then supported the exit end of the plenum insert to the plenum-test chamber bulkhead.

Spring hangers supported the upstream end of the plenum insert. The plenum insert bypass system was then installed.

The internal insulating panels (shingles) were installed onsite after the plenum insert was installed. The flow-

conditioning hardware was the final system to be installed onsite.
The test chamber main thrust bed was then reinstalled 6 ft. below at the test cell axial centerline (previously 4 ft.

below at the axial centerline). This necessitated an extensive modification of the piping in the test chamber. Also, the

thrust bed was modified to permit the installation of a torque isolation structure (see the section Multicomponent

thrust measurement system). The cooling air torns was also reinstalled.

TEST APPARATUS

The inlet plenum modification required an evaluation after the installation was completed. The criteria to be
evaluated were the system mechanical integrity when it was subjected to the new pressure and temperature limits;
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thequalityofthedeliveredcombustionairflow;andthetestenvelopeavailablewiththemodifiedinletplenum.The
approachtakentoperformtheevaluationincludedtheseprocedures:(1)testarticlesweretobechosentominimize
thecostandreducetherisktothearticleandthefacility;(2)theflowqualityattheinsertexitwastobeverifiedat
lowpressuresandtemperaturestoallowthefacilitytocomeonlineforteststhatrequiredonlylowpressureandtem-
perature(60psiaand600°F);(3)theaeronauticalbudgetprocesswastobeusedtoadvocateforteststhatrequired
newhardware(165psiaand1200°F);(4)testsweretopiggybackotherexperimentstocompleteorenhancethe
collecteddata.Basedonthisapproach,evaluationdatawerecollectedbetween1993and1996usingthesetestarti-
cles:

1.Cold-pipenozzlesystems(specifictotheevaluation)wereusedtoevaluatethetestenvelopeavailablefor
in-serviceturbineenginesandtoevaluatethecombustionairflowqualitythatwouldbedeliveredtoaturbineengine
atlowpressureandtemperature(55psiaand600°F).

2.Hot-pipenozzlesystems(specifictotheevaluation)wereusedtoevaluatethetestenvelopeavailableto
higherperformanceturbomachinerythatwouldberequiredinthefutureandtoevaluatethemechanicalintegrityof
thefacilitywhenit wassubjectedtotheupgradedtemperatureandpressure.

3.A turbofan engine system was used as the first scheduled test in PSL4 after the modification.

The hardware, instrumentation, and procedures used for each test article are described next.

Cold-Pipe System

This system used a 35.0-in.-inside-diameter carbon steel pipe that had the same inlet flange interface and engine

mounting points as those of an F100 turbofan engine. The exhaust flange for this pipe interfaced with a typical F100

engine afterburner (K-flange). The cold-pipe support structure was mounted to a six-degrees-o f-freedom, multiaxis,

thrust measurement system module, which in turn was mounted to the test chamber floor. This thrust system is des-
cribed in detail in references 3 and 4. Figures 8(a) and (b) show the cold-pipe installation in PSL4. An FOD (foreign

object damage) screen assembly was installed upstream of the bellmouth for some of the cold-pipe tests.

Cold-pipe inlet svstem.--As shown in figure 8(b), the combustion air was directed from the plenum insert

through a bellmouth (32.2-in. throat diam) and an airflow measurement spool piece (station 1.0). The inlet mass flow
rate to the cold pipe was determined at this station by the method described in appendix 1 of reference 5. Down-

stream of the flow measurement station, the inlet duct was anchored to the test chamber floor (ground) during early

tests. The inlet section between the duct anchor point and the cold pipe contained the inlet seal assembly, an instru-

mentation section (station 2.0), and a gimbal ring. The inlet seal assembly and the gimbal ring are used to compen-
sate for radial misaligument between the duct and the cold pipe. The inlet seal assembly used an inflatable silicone

rubber torus that was retained between the duct assembly and the station 2.0 spool piece (attached to the cold pipe).

The inflatable seal provided radial misaligument adjustment, axial thermal growth compensation, and a metric thrust
break for vectored thrust measurement.

Cold-pipe nozzle svstems.--Several nozzles were used in the cold-pipe evaluation and were attached at the

K-flange location:

1. An ASME nozzle (28.27-in.-diam throat, 628 in. 2) was used for most of the test program. In addition to a

choke plate (595-in. 2 open area) that was used for some tests, canted ducts (7.5 ° and 15°) were used to divert the

exhaust flow from axial by that amount. The canted ducts could be rotated manually by 45 ° increments about the

axial centerline of the cold pipe. This was done to generate a vectored thrust to check out the six-degrees-of-freedom

thrust measurement system. The choke plate and canted ducts were located upstream of the ASME nozzle. See

figure 8(c) for the arrangement relative to the cold pipe.
2. An F100 engine augmentor nozzle, a convergent-divergent variable-area device, was remotely actuated to

provide a variable airflow to evaluate the thrust system and the plenum bypass control dynamics. The nozzle area

control was operated remotely and was disconnected from the normal engine fuel control, with shop air used as the

operating fluid.
3. A conical nozzle (12.19-in.-diam throat, 117 in.2), used for a facility acoustic test, provided low-range flow

characteristics (fig. 8(c)).
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4.AnF-119enginecalibrationandvectoringnozzle,usedonlyinanaxialmode,alsoprovidedadifferentflow
rangeevaluation.Figure8(d)showstheF-119roundnozzleinstallationinPSL4.

Multicomponentthrustmeasurementsystem.--ThethrustmeasurementsystemwasmanufacturedbyOrmond,
Inc.andwasmountedtothetestchambermainthrustbedwithathree-point-suspensionthroughatorqueisolation
structuraladapterlocatedatthechamberfloorlevel.Theadapterisolatesthetestarticlefromanyfacilitytest-bed
bending,torsionalstresses,ordeflections.Themainthrustbedislockedout,thusactingasathrustfixedpoint.De-
tailsofthissystemaregiveninreferences3and4.

Airflow quality evaluation instrumentation.--During the cold-pipe testing, several instruments were used to

evaluate the quality of the airflow being delivered to the test article from the modified inlet plenum. These devices
were used in addition to various static instruments installed in the plenum insert (pressure and temperature) and the

normal pressure and temperature rakes installed at stations 1.0 and 2.0 of the engine inlet duct. The devices are de-
scribed as follows:

1. A total pressure and temperature rake was installed in the 84-in.-diameter combustion air header leading

into the scroll section just upstream of the plenum insert entrance. Later in the test series, it was reinstalled in the

75.0-in.-diameter section of the plenum insert downstream of the plane containing the bypass and manway penetra-

tions. The rake was installed here in either a 0 °-180 °, 157°-337 °, or a 90o-270 ° orientation and used 23 total pres-

sure and 6 total temperature sensors. The rake was used to detect any distortion levels at these two locations (84- and

75-in.-diam sections). At a future time, a gaseous-hydrogen-fueled heater system will have to be installed in the up-

stream section of the plenum insert to deliver 1200 °F combustion air to a test article (i.e., supersonic free jet).

Therefore, this rake provided a way to measure the distortion level for later reference. Figure 9(a) shows the rake

installation in the plenum insert duct.
2. A set of static pressure taps was installed axially from the entrance to the exit of the insert at several angular

locations (fig. 9(b)). Static pressure measurements were made by laying 1/16-inch Prandtl tubes (open on the side

and closed at the end) on the insert surface. The purpose of this instrumentation was to quickly identify any major

flow anomaly in the new insert system.
3. A rotary total pressure rake was installed forward of the bellmouth inlet face in the plenum insert (fig. 9(c)).

This rake was configured as a cross with probes on each arm on 12 centers of equal area based on a 6.0-ft diameter

(60.0-in. bellmouth lip diam). The plane of the probe tips was 14.5 in. forward of the bellmouth face. The rake was

remotely actuated at a rotational speed of 1 deg/sec and had a range of motion of +45 ° from the nominal home posi-

tion, thus assuring complete frontal coverage of the bellmouth face. This pressure survey was used to quantify the

pressure distortion at various flow conditions.

4. A second rotary total pressure rake was installed in the cold-pipe inlet duct (fig. 9(d)). An existing rotating
distortion screen holder was modified to carry a cross-shaped rake holding probes on each arm on six centers of

equal area based on a 34.8-in. duct diameter. This device was remotely actuated with the same rotational speed and

range of motion as the unit described in item 3. This pressure survey was used to quantify the pressure distortion of
the delivered air to the face of the test article.

5. Station 1 (fig. 8(b)) boundary layer rakes were used to calculate mass airflow into the inlet of the pipe system.

The rakes and the method of calculation are described in appendix 1 of reference 5.

6. Station 2 (fig. 8(b)) instrumentation consists of two temperature and two total pressure rakes, each containing

two sensing elements.

Hot-Pipe System

A pipe section with a nozzle was installed in the test chamber to evaluate the high-pressure and temperature per-

formance of the inlet plenum modification. The piping assembly (figs. 10(a) and (b)) was anchored to the plenum

insert downstream bulkhead and was supported from the test chamber floor. The assembly was designed to permit

axial growth due to thermal expansion. No provisions were made to measure axial thrust for this evaluation phase.

All components of the hot-pipe assembly were rated for 165-psia and 1200 °F service and all sections were water

cooled. With the exception of the conical spool piece, all the components were used in a previous program. A short
description of each section from upstream to downstream follows:
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1.Aconicalspoolpiecewitha45°half-angleprovidesadaptationfromtheplenuminsertexitplane
(107.7-in.diam)toaflowconditioner(40.0-in.diam).Thissectionwasfabricatedfromgrade516carbonsteel.

2.Aflowconditionercomposedoftwospoolpieces(60.0in.longwitha40.0-in.insidediam)wasfabricated
from304stainlesssteel.

3.Anellipticalbellmouthsectionwitha13.0-in.-diameterthroatwasfabricatedfrom17-4PHstainlesssteel.
4.Aninstrumentationspoolpieceatstation2.0(26.0in.longwitha13.0-in.-insidediam)providesportsfor

eightrakesatameasurementplaneonediameterdownstreamofthebellmouththroat.Thisspoolpiecewasfabri-
cated from 17-4 PH stainless steel.

5. The exit nozzle has a 10.31-in.-diameter throat and was designed with STA (Supersonic Ttmnel Association)

coordinates. The nozzle diverges from a 13.0-in. diameter to a 14.75-in. diameter prior to entering the throat. Instru-

mentation station 7.0 has two rake ports installed in the 14.75-in.-diameter section of the nozzle. The nozzle was
fabricated from 17-4 PH stainless steel.

TEST MATRIX

As mentioned in the Introduction, data were collected from several test articles between 1993 and 1996. Several

facility configurations were employed. The following table summarizes the test matrix in terms of the test article

nozzle system, facility configuration, and test conditions:

Nozzle configuration Facility configuration Test conditions

Cold pipe (ASME)

Hotp_e(STA)

Turbofan engine

1. Insert bypass and manways closed; ple-

num bypass and atmospheric ports open

or closed (for all test program scenarios)
2. Insert bypass open and manways closed;

plenum bypass open and atmospheric

ports closed (for all test program sce-
narios)

3. Insert bypass closed and manways open;

plenum bypass open and atmospheric

ports closed (for all test program sce-

narios including high flow transients)
4. Insert bypass closed and manways open;

plenum bypass closed and atmospheric

ports open (for all test program scenarios

if atmospheric air is needed)

1. Insert bypass and manways closed; ple-
num bypass and atmospheric ports open

2. Insert bypass open and manways closed;

plenum bypass and atmospheric ports

open.

1. Insert bypass and manways closed; ple-

num bypass open and atmospheric ports
closed

2. Insert bypass open and manways closed;
plenum bypass open and atmospheric

ports closed

3. Insert bypass closed and insert manways

open; plenum bypass closed and atmos-
pheric ports open (atmospheric air)

Insert exit temperature range, 50 to
600 °F

Insert exit pressure range, <1 to 33 psia

Temperature range, 60 to 884 °F

Pressure, 3 to 133 psia

Temperature, 50 to 130 °F

Pressure, 0.5 to 15 psia
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DISCUSSIONOFRESULTS

Theresultsarepresentedintermsofthesystemmechanicalintegrity,deliveredairflowquality,andtest
scenariosperformedwiththemodifiedinletplenum.Themechanicalintegritydiscussionincludesitemsthatfailed
duringthetestandthecorrectedactiontaken.Theflowqualitydiscussionpresentsdatatoshowtheflow
characteristicsof(1)thenewinsertatseverallocations,(2)theflowqualityatatypicalgasturbineinlet,and(3)a
comparisonoftheairflowandthrustofthemodifiedfacilityandthatofthemanufacturer'sfacilityusingthesame
turbofanengine.Finally,thefacilitycapabilitiesarediscussedin termsofthetestscenarioswiththenew
modification.

SystemMechanicalIntegrity

Plenum insert to isolation bulkhead seal.--An elastomeric, water-inflatable (200-psia) seal, installed between

the plenum insert inlet section and the isolation bulkhead (fig. 11 (a)), failed during cold-pipe tests. This seal prevents

hot, high-pressure combustion air from entering the original inlet plenum structure (limited to 55 psia and 600 °F)
and provides some limited axial thermal expansion. The original seal consisted of a solid rectangular silicone rubber

cross section bonded to a rectangular silicone rubber tube, which had a water supply and return connections bonded

to it. These connections were a constant source of mechanical failure. Also, the seal surface was charred by the

combustion air supply at temperatures lower than 600 °F. Two actions were taken to correct these deficiencies:

1. A new seal configuration was procured from an alternate vendor. This three-piece design uses two solid

rubber sections with the water-cooled tube radially inserted (not bonded) between the sections. The mechanical
design (fig. 11 (b)) for the water supply and the return connections is superior to the previous design. An alternate

elastomer (EPDM) was selected for superior wear characteristics although it has a lower service temperature than
that of silicone rubber.

2. In the original design, three surfaces of the seal cavity were water cooled, but the fourth surface (seal air

deflector) was not. To enhance seal life, water-cooling provisions were made by bonding square aluminum alloy
tubes (fig. 11 (c)) to the outside diameter of the seal air deflector mounting flange. The tubes were bonded with

thermally conductive epoxy. The cooling water for the tubes was manifolded from the isolation bulkllead cooling

water supply and return.

After these modifications were completed, the facility was supplied with combustion air at 133 psia and 868 °F. The

modifications appear to have been satisfactory.

Plenum insert flow-conditioning svstem.--Damage was incurred by the insert flow-conditioning system

hardware during high-temperature operation. The perforated plate sections were axially bowed. The honeycomb
flow-straightener support ribs and panels were laterally buckled, and some panels were locally separated from the

ribs. Examples of the buckling are shown in figures 12(a) and (b). Further investigation revealed that radial thermal

expansion provisions were inadequate for the damaged components. The supporting structures for the components

were water cooled, but the components themselves could approach the combustion air temperatures. The plenum
insert structure that supports the honeycomb assembly was modified to allow radial thermal expansion of the

honeycomb assembly. The perforated plate structure, though bowed, showed no structural failure. The ring holes of

the perforated plate section mounting were elongated to permit radial thermal expansion. This section was used for

the subsequent tests and no plans have been made for its replacement. A replacement honeycomb flow straightener is
being fabricated and will be installed when the schedule permits. As an interim measure, the existing straightener

was repaired by reattaching the honeycomb panels to the ribs at locations where they separated. This repaired

straightener was load-tested and reinstalled. It was successfully used for subsequent turbofan engine tests with the

combustion air supply at 70 lb/sec, 15 psia, and 50 to 150 °F. It is safe to use the existing straightener at higher

flows and pressures, but the replacement will be installed prior to operating at temperatures above 200 °F.

Facility heat exchanger system. --The facility heat exchanger afterburner was used for the first time to increase
the combustion air supply to temperatures above the 600 °F previously achieved without the afterburner. No part of

the heat exchanger system failed during testing; however, using the available information on its operating limits (see
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thefollowingtable),thesystemfailedtoproducethedesiredcombustionairtemperatureattheinsertexit(between
1050and1100°F).

Tubeside
Gas(J57exhaust)temperature,°F.......................................................................................1250
Gastemperaturedifferencebetweenmaximumandminimum,°F.........................................200
Gaspressure,psia..................................................................................................................165

Shellside
Combustionairtemperature,°F...........................................................................................1200
Combustionairpressure,psia................................................................................................165

Theoperatinglimitsreachedduringthehot-pipetestsareshowninfigures13(a)and(b),whichpresenttheheat
exchangerinlettemperatureprofilesattwocombustionairinletairflows.Theselimitsresultedinamaximum
temperatureof868°Fattheinsertexitat78.9lb/secand844°Fat159lb/sec,respectively.Becausetheavailable
informationdidnotclarifythelocationoftheoperatinglimits(tubeside,shellside,orboth),noattemptwasmadeto
exceedthelimits(increasingtubesidegastemperature)duringthistest,butthefollowingactionsweretaken:

1.AnASMESectionVIII,Division1evaluationoftheheatexchangerwasperformed.Theresultsindicated
thattheheatexchangerwascapableofamaximumtubeside(engineexhaust)inlettemperatureof 1500°Fand
pressureof30psia,providedthatthecoldshellsideairisflowingpriortosubjectingtheexchangertothe1500°F
exhaustgas.Basedonacalculatedheattransfercoefficientof 19.187Btu/hr-ft2-°F,theevaluationshowedthatthe
shellsideairtemperaturereached1190°F.TheseresultsagreewithanotheridenticalheatexchangeratLewisthatis
alreadyoperatingattheelevatedtemperatures.TheASMEcodeincludessomecriteriaforheatexchangersbutgives
nodetailedapproachfordesign.BecausetheheatexchangerhastomeetthesecriteriaatLewis,theintentofthe
codewasfollowedtothemostpracticalextentfortheevaluation.Theresultsalsoindicatedthatthetube-to-tube
sheetjoints,theshellexpansionjoint,andtheattachmentweldswereacceptableatthemaximumoperating
conditions.

2.Asseenin figures13(a)and(b),theexchangerinlettemperatureprofilesindicatealowtemperatureatthe
inletcenter,resultinginadifferenceof200°Fbetweenthemaximumandtheminimum.Basedonexperiencewith
thesametypeofexchanger,thetemperaturedifferencewasdeterminedtobeunacceptablebecauseofpossiblestress
problemswiththetubesheetjoints.Toreducethedifferencebetweenthemaximumandtheminimum,the
afterburnerwillbemodifiedtoallowindependentcontrolofthefuelsupplypressuretoeachring.

Thebeliefwasthattakingthesetwoactionswouldallowtheheatexchangertooperateatinlettemperaturesashigh
as1500°F,whichshouldresultinacombustionairtemperatureofapproximately1100°Fattheinsertexit.

FlowCharacteristics

Aftertheinstallationofthenewwater-cooledinsert,amajorquestionwaswhethertheairflowcharacteristicsof
thenewmodifiedfacilityconfigurationremainedadequateorchanged.Thisquestionisansweredbypresentingthe
flowqualitydatain termsof(1)pressureprofilesatthecombustionairinlettotheinsert;(2)axialinsertpressure
profiles;(3)insertdiffuserexittotalpressureprofiles;(4)insertexitpressuredistortionlevels;(5)typicalengine
inletpressuredistortionandtwo-dimensionalCFD(computationalfluiddynamics)results;and(6)acomparisonof
theairflowandthrustofthisfacilityandamanufacturer'sfacilityusing the same turbofan engine.

Combustion air inlet header pressure profiles.--As stated in the section Airflow quality evaluation

instrumentation, a total pressure rake was installed in the 84-in.-diameter combustion air inlet header at position

0°- 180 ° (forward looking aft and down). The rake was mounted on an existing flange (71.5-in. inside diam) within

the combustion air line pipe. Data were collected only for two facility configurations because of the test time and the
need to change the location of the rake to the insert diffuser inlet where pressure profiles were deemed more

important. The two facility configurations were the plenum insert bypass closed and then open with the plenum insert

manways and atmospheric ports closed. The profiles are presented in figure 14. As seen from the data, the pressure

outside the boundary layer increased from 22.4 to 22.6 psia (insert bypass closed) and from 24.9 to 25.2 psia (insert
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bypassopen).Thisinformationwasconsideredusefulforanyaccurate,detailedCFDcodeanalysisofthetotalinsert
systemif asituationrequiringit occurredatalatertime.

Insert axial pressure profiles.--Static pressure probes were installed along the insert bottom and top inside-

diameter surface (fig. 9(b)). The main purpose of this instrumentation was to detect any large distortion of the flow

along the insert axis. Figures 15(a) to (d) present low-pressure and temperature data showing the axial pressure
distribution from the entrance of the insert to the exit for several facility configurations representing the test program

scenarios stated previously. In all four figures, the pressure difference between the bottom and top of the insert

shows differences due to (1) the effect of the undeveloped flow (with possible flow reversal at the bottom ) at the

entrance to the insert; (2) the state of the plenum insert bypass, plenum insert manways, plenum bypass, plenum
atmospheric ports (open or closed); and (3) the effect of the air conditioning devices. However, in all instances, the

differences at the exit to the insert were minimum, which indicates the flow developing into one dimensional. In

general, these data indicate no large, unexplained flow anomalies attributed to the new facility modifications for any

of the proposed configurations.
Insert diffuser inlet pressure profiles.--The diffuser inlet is the location where a heater can be added to produce

the desired 1200 °F temperature. Checking the total pressure profile will help in designing a heater system at this

location. The total pressure rake installed in the combustion air inlet pipe was removed and installed in the insert

diffuser inlet section (88 in. from the insert inlet) at several angular locations (0°-180 ° and 157°-337 ° as viewed
forward looking aft) during several different tests with both the cold-pipe and hot-pipe systems. Figures 16(a) to (d)

present data for several facility configurations and test conditions and indicate that a maximum pressure difference of

0.2 psia, existed along the diameter of the insert.

Plenum insert exit total pressure profiles.--The most important indicator of the airflow quality after the
modification was the flow characteristics at the exit of the insert (entrance to a test article). Because of reduced

resources, only flow uniformity had to be determined. This decision was based on a reasonable assumption of one-

dimensional flow at the exit, prior experience, and a limited two-dimensional CFD code analysis. A rotating total

pressure rake (discussed in the section Airflow quality evaluation instrumentation and shown in fig. 10(c)) was

installed at the entrance of a typical test article inlet bellmouth. The rotation mechanism was capable of changing the

angular location of the rake in 1° increments for a motion range of +45 °. Figures 17(a) to (c) present bar plots of a

pressure distortion parameter defined as

Maximum pressure- average pressure

Average pressure

for several facility configurations and test conditions during a total range of rotation of the rake of approximately 80 °

in increments of 5°. As seen from these figures, a maximum distortion level of about 0.6 percent was reached during

operation using the plenum atmospheric-ports-open configuration (fig. 17(c)).
Reference 6 presents model data for the PSLA original plenum configuration at its exit showing distortion levels

in terms of the velocity spread between the maximum and minimum of 48 ft/sec for the plenum-bypass-closed

configuration. For the modified plenum with the insert bypass closed, the distortion levels shown in figure 16(a) have

a spread of approximately 85 ft/sec, assuming ideal one-dimensional flow.
Typical PSL inlet duct interface system performance.--The inlet duct interface system used with the cold-pipe

tests consisted of an elliptical bellmouth with a ratio of 3:1 and a throat diameter of 32.2 in., a labyrinth seal duct, an

airflow measuring duct, a gimbal duct, and other spool pieces (see fig. 8(b)). Further evaluation of the insert exit

flow characteristics was conducted by (1) measuring the pressure distortion at the exit of a typical test article inlet
duct interface system using the rotary total pressure rake described in the section Airflow quality evaluation

instrumentation; (2) performing a two-dimensional CFD code analysis to verify the one dimensionality of the flow at

the exit of the interface system; and (3) measuring the pitch and yaw angle at the exit of the interface at one location.

Pressure distortion data are presented in figures 18(a) to (c) for several facility configurations and flow levels.

Based on these figures, the maximum level was 1.2 percent, which compares very well with previous F100 engine
tests (for the same airflow) in PSLA before the plenum modifications. That study employed an F100 engine in PSLA

before the plenum modifications and used the same inlet duct interface system.

A NASTAR CFD analysis of the flow characteristics was performed at a standard location in the inlet duct

interface system where facility airflow to the test article is measured using boundary layer rakes and the assumption
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ofone-dimensionaluniformflow.ThemainobjectiveoftheanalysiswastocompareCFDboundarylayer
calculationswithmeasuredvaluesandtoascertainthecorrectnessoftheone-dimensionalflowassumptionatthe
airflowmeasuringstation.Figures19(a)and(b)showtheboundarylayertotalpressureprofilesandtheradialstatic
pressureprofilesforatestpointwheretheinletpressure,temperature,andflowwere11.4psia,60°F,160lb/sec,
respectively.Asseenfromthesefigures,theboundarylayerprofileiscoincidentwiththeCFDcodevalues,andthe
maximumradialstaticpressureprofilesdidnotexceed0.02percent.Bothfiguresverifythevalidityofthefacility
airflowmeasurementmethodsandprovideadditionalreasonstobeconfidentoftheairflowqualitysuppliedbythe
inserttothetestarticleinletductinterfacesystem.

Additional verification of the flow characteristics at station 1.0 were obtained by using a calibrated five-point
probe to measure the pitch and yaw angles at a location 6 in. downstream of station 1 and at a radial location

approximately 2 in. from the duct wall. At a Mach number of 0.47, the pitch and yaw angles were 1.7 ° and 0.9 °,

respectively.

First engine test in PSL4.--The first engine tested in the modified PSL4 was a two-spool turbofan engine with a

class thrust level of 2300 lb. Figure 20 presents a portion of the engine performance data in terms of corrected net
thrust versus corrected inlet airflow obtained at the manufacturer's sea-level static facility (circles) and at PSL4

(squares). The data for the two facilities show very close agreement, to within less than 0.5 percent, which further

indicates the adequacy of the PSL4 flow characteristics after the modification.

Hot-pipe tests.--Figure 21 presents the insert exit temperature profiles during the hot-pipe tests. Figures 22 (a)
and (b) present the hot-pipe total temperature and pressure profiles at station 2.0 (see fig. 10(b)). The data obtained

during these tests are for the maximum pressure and temperature of 133 psia and 868 °F. These maximums do not

represent the full capability of PSL4 because one of the high-pressure compressors in an equipment building was out

of service during the hot-pipe testing. At the insert exit, the maximum difference in temperature was 10 °. At station
2.0, this difference increased to 70 ° primarily because of the low temperature indicated by the probe closest to the

hot-pipe, water-cooled wall. The pressure difference outside the boundary layer was less than 0.5 psia.

Test Scenarios With the Modified Plenum

The plenum modifications were based on the need at that time to accommodate the test program scenarios with

requirements based on nominal equipment capabilities:

Test article

Supersonic free-jet nozzle

Turbine engine gas generator (core engines)
High-Mach-number turbine engines

Hypersonic direct-connect rig

Existing turbine engine

Pressure, psia .
165

165

165
165

60

Capabilit'/

Temperature, °F
1200

800

800
600

600

Airflow, lb/sec
280

380

380
100

480

Based on the tests conducted during the evaluation of the modified PSL4, the following can be achieved in

PSL4 utilizing only one of the high-pressure compressors in the equipment building:

Test article

Supersonic free-jet nozzle
Turbine engine gas generator (core engines)

High-Mach-number turbine engines

Hypersonic direct-connect rig

Current turbine engine

Pressure, psia .
130

130
130

129

60

Capabilit'/

Temperature, °F
880

880
800

600

600

Airflow, lb/sec
160

160
160

100

480
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CONCLUSIONS

Themechanicalintegrityofthemodifiedtestcell(PSL4)inthePropulsionSystemsLaboratorywasexamined
uptoapressureof 133psia,acombustionairtemperatureof844°F,andanairflowof159lb/sec.Afterthe
modifications,thefacilityairflowqualitywasestablishedtobesatisfactory.

RECOMMENDATIONS

1.Independentlyvarythesupplypressuretotheafterburnerfuelringstomodifythefuelspraysystemofthe
heatexchangertoproducemoreuniformtemperatureprofilesattheinlet

2.Addaheaterattheinsertdiffuserinlet(ifnecessary)toincreasethetemperatureto 1200°F.
3.Repeatthehot-pipeteststoverifyalltherecommendedchangesandtodeterminethefullfacilitycapabilities,

integrity,andflowqualityatthemaximumdesignconditions.
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TABLEI.--NOMINALCAPABILITIESOFPROPULSIONSYSTEMSLABORATORY
Maximumairflowfromcentralequipmentbuilding,lb/sec

At55psia....................................................................................................................480
At165psia...................................................................................................................400
Atatmosphericconditions...........................................................................................750

Inlettemperaturerange,°F
PSL3.................................................................................................................-50to600
PSL4...............................................................................................................-50to1200

AuxiliaryairfromotherLewissources,lb/sec
At55psia......................................................................................................................65
At140psia.....................................................................................................................38
At465psia.....................................................................................................................76

Altituderange,ft .....................................................................................Sealevelto80000
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Figure 1 .--Propulsion Systems Laboratory complex. All dimensions are in feet.
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Inlet header

(a)

/_ Exhaust silencer

J57

Heat exchanger --7 Afterburner ----7 / engine
/ / I

" _ i _ ---- _ i ll_ _ )

___ ,-_ _ ......

i:I\\ //_ Discharge header
/

= /

(,
Air intake silencer ---1

Figure 4.1Propulsion Systems Laboratory heat exchanger system. (a) Combustion air heaters. (b) Counterflow

shell and tube heat exchanger. (c) Afterburner.
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Figure 7.--Concluded. (c) Plenum insert.

Thrust measurement system

Figure 8.--Cold-pipe system. (a) Installation in PSL4. (b) Schematic. (c) Nozzle configurations. (d) F119 calibration
nozzle installation in PSL4.
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Figure 9.--Concluded.--(c) Rotary survey rake in front of bellmouth. (d) Rotary survey

rake installed in cold-pipe inlet duct.
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Figure 12.--Honeycomb flow straightener. (a) Aft looking forward to buckled support

ribs and honeycomb panels. (b) Closeup of buckled honeycomb panel.
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Figure 13.--Heat exchanger inlet gas (J57 exhaust) total temperature profiles. (a) Shellside air

inlet: temperature, 111 °F and pressure, 79 psia; shellside air discharge temperature, 1075 °F;

tubeside gas inlet temperature: maximum, 1252 °F and minimum, 1106 °F; tubeside gas

pressure, 26 psia; PSL4 insert exit: maximum temperature, 868 °F, exit pressure, 64 psia, and
airflow, 78.9 Ib/sec. (b) Shellside air inlet: temperature, 116 °F and pressure, 140 psia; shellside

air exit temperature, 945 °F; tubeside gas inlet temperature: maximum, 1252 °F and minimum,

1095 °F; tubeside gas pressure, 26 psia; PSL4 insert exit: maximum temperature, 844 °F, exit

pressure, 129 psia, and airflow, 159 Ib/sec.
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closed; inlet temperature, ambient. (b) Facility configuration: plenum insert manways closed, plenum bypass
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plenum bypass open, plenum atmospheric ports closed, plenum insert bypass open; inlet temperature, ambient.

NASA/TM--97-206323 34



l/1
(3-

l/1
l/1

,o
0_

19.0

18.8

18.6

18.4

18.2

18.0

17.8

17.6

17.4

17.2

17.0
-20

Insert inside wall at 180° aft

looking forward --x
\

/-- Insert inside wall at
/ 0° aft looking forward

I I

0 2o 4o

Radial distance, in.

I I

60 80

(b)
I

lOO

19.0

18.8

18.6

18.4

'5 18.2
Q.

18.0
l/1
l/1

,_ 17.8
0_

17.6

17.4

17.2

17.0
-20

Insert inside wall at 337° aft

looking forward --x
\/-- Insert inside wall at

// 157 ° aft looking forward

(c)
I II I I

0 20 40 60 80 100

Radial distance, in.

Figure 16.--Continued. (b) Facility configuration: plenum insert manways closed, plenum bypass open,

plenum atmospheric ports closed, plenum insert bypass closed; inlet temperature, ambient.
(c) Facility configuration: plenum insert manways closed, plenum bypass open, plenum atmospheric
ports closed, plenum insert bypass closed; inlet temperature, ambient.

NASA/TM--97-206323 35



15.5

15.3

15.1

14.9

'_ 14.7
O.

14.5

•_ 14.3
£L

14.1

13.9

13.7

/-- Insert inside wall at

,/ 0 ° aft looking forward

Insert inside wall at 180 ° aft

looking forward --

J

(d)
13.5 I I I

-20 0 20 40 100

Radial distance, in.

J

I I
60 80

Figure 16.--Concluded. (d) Facility configuration: plenum insert manways closed, plenum

bypass open, plenum atmospheric ports closed, plenum insert bypass open; inlet temper-
ature, ambient.

E_

O I

0.35

t_

>

0.30

0.25

0.20

0.15

0.10

0.05

0.00

(a)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Angular location, 310 ° (1) to 30 ° (17)

Figure 17.--Plenum insert exit (bellmouth inlet) total pressure profiles during rotation of bellmouth inlet rake in
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from aft) to 30°; facility configuration: plenum insert manways closed, plenum bypass open, plenum atmos-
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plenum insert manways open, plenum bypass open, plenum atmospheric ports open, plenum insert bypass

open.
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facility configuration: plenum insert manways closed, plenum bypass open, plenum atmospheric ports closed,
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